We demonstrate generation of a pulsed stream of electrically triggered single photons in resonance fluorescence, by applying high frequency electrical pulses to a single quantum dot in a p-i-n diode under resonant laser excitation. Single photon emission was verified, with the probability of multiple photon emission reduced to 2.8%. We show that despite the presence of charge noise in the emission spectrum of the dot, resonant excitation acts as a "filter" to generate narrow bandwidth photons.
A high quality, non-classical source of on-demand single photons represents the essential common denominator for a variety of applications of quantum technologies, such as quantum key distribution [1] , long distance quantum communication [2] and building scalable quantum computing architectures [3] . Substantial progress has been made towards implementing electrically [4, 5] and optically driven [6] [7] [8] [9] [10] [11] single photon sources as well as devices that enable the manipulation of quantum bits [12] [13] [14] [15] based around semiconductor quantum dots.
Quantum dots embedded in electrical devices enable control over properties such as the emission energy [16] , the g-factor [17] and the fine structure splitting [18] . However, all quantum dots suffer from noise, caused by trapping and releasing of charges in localization centres near to the quantum dot [19] or through electrical contacts. These sources of noise induce fluctuation in the charge environment of the exciton, which can lead to undesirable effects such as reduced single photon indistinguishability [20] and spectral wandering [21] . To avoid these effects while maintaining the tunable properties, a combination of electrical and optical controls maybe required. In this study, we present an electrically tunable quantum dot in a p-i-n type device, driven by resonant s-shell excitation and show that the emitted photons are impervious to charge induced decoherence. By applying an ultra-high frequency electrical pulse train, we demonstrate on-demand single photon emission from this device, under continuous wave laser excitation.
Our single photon generation scheme employs self-assembled InAs/GaAs quantum dots embedded inside a p-i-n diode. Quantum Dots are located at the center of a 10 nm GaAs layer, with a 70 nm AlGaAs super-lattice on both sides. This structure enabled precise tuning of emission energies in a range of up to 25 meV [22] through the quantum confined Stark effect. Emission energies of the exciton (X), biexciton (XX) and charge excitons (X ± ) were controlled by applying a bias voltage between the bottom ohmic contact and a T i/Au top-surface electrode. The binding energies E B (X/X − ) measured at 0.2 V , defined as E B (X) = E X − E XX and E B (X − ) = E X − E X − were found to be E B (X) = −1.3 meV and E B (X − ) = +6.3 meV respectively. From 0 − 0.4V , Using bias, we can change the laser detuning ∆ L in resonance fluorescence, by varying the transition energy E X with respect to a fixed continuous wave laser. This is a powerful technique because it enables ultrahigh frequency variation of laser detuning, as we will show later. We also gain the freedom to study both the photoluminescence and resonance fluorescence of more than one exciton species with a constant laser energy E L . Distributed Bragg reflectors enclosed the device with seven repeats below and four on top, providing enhanced excitation and collection efficiency at E = 1.324 eV . The sample was mounted at 45
• to the laser polarization, and maintained at 10 K using a dewar-insert cryostat. Single quantum dots were optically addressed via a microscope setup in a confocal arrangement. Laser rejection was achieved by crossing the polarization states of detection and excitation photons [6, 23] , with extinction ratios of upto 10 9 and fluorescence to laser scatter ratio of exceeding 200 : 1. The collected signal was resolved using a spectrometer and a charge coupled detector. Photon statistics were analysed using a Hanbury-Brown and Twiss apparatus with two avalanche photodiodes (APD) and timing electronics. corresponding to resonances of each exciton eigenstate (labelled with double arrows). We believe that the broad features we have observed in 1(a) derive from phonon scattering.
We now focus on the resonance fluorescence in the bias range close to the resonance at 0.2V , the spectrum was measured in fine steps for high (500 nW ) and low (25 nW ) excitation laser powers. In Figure 1 (b), the respective linewidths at high excitation power were, Γ H = 36.8 ± 1.6 µeV and Γ V = 21.3 ± 0.6 µeV , respectively. The difference in intensity
and linewidth between components of the doublet can be accounted for by the transition eigenstates not being aligned at 45
• to the excitation and detection axes. The fact the transition with greater apparent width has lower maximum intensity supports this claim.
These linewidths are significantly broader than those observed in similar studies [10, 25] .
We attribute the broadening to an ensemble of fluctuating charges that maybe located within nearby impurities and the superlattice or the contact layers [23] . These fluctuations change the transition energy through the Coulomb effect. The detuning spectrum, shown in Figure 1 (b) then represents a Gaussian probability distribution of the "noise" in E X . Power broadening [26] was also observed, yet even at the lowest excitation powers, linewidths were still broad with Γ H = 21.7 ± 1.2 µeV and Γ V = 16.7 ± 0.5 µeV .
We determined the coherence time T 2 of the photon by measuring the spectrum of resonance fluorescence. on resonance effectively filters out the "noise" in E X , as absorption only takes place when the emission energy is resonant with the laser. At higher powers, the laser-exciton coupling becomes strong enough to create a dressed-ladder system [27] , in which additional optical paths splits the central (Rayleigh) peak with energy E X , to red and blue shifted sidebands with energies ± Ω. In the saturation limit, Ω Γ s , Rabi effects are significant and multiple Rabi oscillations may occur before radiative recombination.
Theoretical simulations of the resonance fluorescence spectrum were produced based on a polaron master equation model, which assumed a weakly coupled phonon bath [28] . At resonance, the spectrum has the following analytical form:
where Γ s = (Γ 1 + Γ 2 )/2, Γ 1,2 are the recombination and pure dephasing rates respective to the numeric labels. Ω r = Ω 2 + 2 − Γ 2 s is the Rabi frequency corrected for decoherence due to reservoir of phonons, by the 2 term, as well as the dephasing, by Γ s . The constant K was defined as a function of Γ 1,2 and Ω r . We take the experimentally determined lifetime broadening and pure dephasing rates of 1 GHz respectively in the calculation. We have extended the model to take into account of the broadening, observed in Figure 1(b) , by weighting the resonance fluorescence spectrum with a Gaussian distribution 16.7 µeV wide, which described the spectral noise. At the highest powers a discrepancy between the model and the data at zero detuning can be explained by an incomplete suppression of laser scatter.
Antibunching statistics of the resonant fluorescence were explored by measuring the second order intensity correlation for the same excitation powers, as presented in Figure 2 (b).
At low powers the observed strong antibunching with g (2) (0) = 0.040 ± 0.005 implies emission from a single quantum state. At higher powers strongly damped oscillations symmetric about zero time delay are indicative of Rabi oscillations. At 500 nW the Rabi oscillation period was found to be T Ω = 1.6±0.2ns, consistent with a sideband splitting of 2.6µeV , measured in Figure 2 (a). Extracted Rabi frequencies for each power were used to theoretically simulate g (2) (τ ) using [29] ,
where β is a constant defined in terms of Ω and Γ s and θ = θ(|τ |). As power is increased, the oscillatory frequency increases as the square root of power and the width of the antibunching "dip" local to zero time narrows. The antibunching time is limited by Γ s , and also the detector resolution of 480 ps. A long-time bunching effect, shown by the inset of Figure   2 (b), also exists in the data, which decays on the duration of 40 ns at the lowest power, extending to nearly 100ns at the highest power. Spectral fluctuations in the transition energy can cause this bunching, and we hypothesize that it is caused by the same mechanism that leads to the broadening seen in Figure 1 A key requirement for quantum communication is to deterministically produce single photons on demand. Given that our sample design enables the manipulation of exciton energy, we are able to generate a pulsed stream of single photons from the CW laser, by applying a rapidly oscillating bias V P (t) to the device, as shown by the drawing in Figure   3 (b). V P (t) consists of a sequence of alternating current pulses superimposed on a constant offset voltage V DC . During one pulse cycle, an initially off-resonant exciton eigenstate is rapidly Stark shifted into resonance during pulse rise, remains there for the duration of pulse width and finally Stark shifted out of resonance during pulse fall. This process repeats itself for each subsequent pulse in V p (t). Each time a pulse is applied to the quantum dot, an exciton state is prepared resonantly, triggering single photon emission via spontaneous decay.
We assessed the performance of the electrical trigger by studying the time resolved fluorescence spectra of the exciton as a function of V DC , for a range of different pulse parameters. We have demonstrated the generation of strongly antibunched single photons from a quantum dot, using a hybrid scheme that combines both electrical and resonant optical control. The conducted studies on resonance fluorescence were in the incoherent regime where there is a finite population of the upper state and the fluorescent photons are not phase coherent with the laser. To further explore coherent dynamics of the ultrafast single photons source, we may consider the ultra-low power Heitler regime [10, 25] .
